Background
==========

Multiple epidemiological studies clearly demonstrated that polypharmacy is highly prevalent in older adults.[@b1-pgpm-9-031] Based on the 2005--2006 survey study, \>36% of people between 75 and 85 years of age were taking at least five prescription medications.[@b2-pgpm-9-031] A strong relationship between polypharmacy and negative clinical consequences has been described in previous research.[@b3-pgpm-9-031] In older adults, polypharmacy has been associated with increased health care costs, adverse drug reactions (ADRs), drug interactions, medication nonadherence, impaired functional and cognitive status, falls, urinary incontinence, and malnutrition.[@b3-pgpm-9-031] Not surprisingly, polypharmacy and potentially inappropriate medication use were shown to be significant precipitating factors in frequent hospital admissions.[@b4-pgpm-9-031]

Precision medicine can provide tools enabling personalized medication regimens based on individual genetic variations and information about potential drug interactions obtained from comprehensive bioinformatic repositories. Pharmacogenomics is the study of how persons' unique genetic makeup influences their response to drugs. It is one of the cornerstones of personalized medicine in which the use of drugs and drug combinations can be expected to be tailored to patient's unique genetic profile. The availability of genomic testing has grown, but its clinical application is still in the early stages. The US Food and Drug Administration (FDA) now requires submission of pharmacogenomic (PGx) data to be included in the labeling of drugs.[@b5-pgpm-9-031] Genetic biomarker testing is mentioned in labels of 140 FDA-approved drugs corresponding to 158 drug biomarker pairs, and the number of such drugs is rapidly increasing.[@b6-pgpm-9-031] This has the expectation that PGx information may improve drug safety, identify optimal dosing, improve targeting to disease, and reduce ADRs.

Particular attention in pharmacogenomics has been devoted to cytochrome P450 (CYP) enzymes, which are involved in the metabolism of 70%--90% of all prescribed drugs. The most common CYP enzymes involved in drug metabolism are CYP2D6, CYP2C9, CYP2C19, CYP3A4, and CYP3A5.[@b7-pgpm-9-031] With these enzymes, there may be many spectrums of genotypes resulting in poor metabolizers (patients with little to no functional enzyme activity) to ultrarapid metabolizers (patients with increased enzyme activity).[@b8-pgpm-9-031] In a recent review, positive PGx findings were identified for 72% of cardiovascular drugs suggesting that considerable clinically actionable PGx information exist for majority of cardiovascular drugs.[@b9-pgpm-9-031] This knowledge is already being applied clinically to the use of warfarin and clopidogrel with growing number of cardiologists having reported using genomic testing.[@b9-pgpm-9-031] For example, the cytochrome enzyme CYP2C9 along with VKORC1 is the primary enzyme affecting efficacy of warfarin.[@b10-pgpm-9-031] Known allele variants (CYP2C9\*2/\*2, CYP2C9\*2/\*3, and CYP2C9\*3/\*3) have been shown to result in 60%--80% decrease in enzyme activity in patients with the variant, and therefore, those patients would likely be very sensitive to the anticoagulant effect of warfarin, indicating a need for use of lower dosing.[@b10-pgpm-9-031] Clopidogrel is activated via CYP2C19, and allele variants affecting its function are also well described.[@b10-pgpm-9-031] The prevalence of allele variants greatly depends on race and ethnicity.[@b11-pgpm-9-031],[@b12-pgpm-9-031] For example, prevalence of CYP poor metabolizer genotype for 2D6, 2C9, and 2C19 in Caucasians was reported to be 10%, 5%, and 3%, correspondingly.[@b13-pgpm-9-031],[@b14-pgpm-9-031] All known PGx variants are readily available on the PharmGKB website.[@b15-pgpm-9-031],[@b16-pgpm-9-031]

Comorbidities are common in older adults, which result in high prevalence of polypharmacy in this population.[@b17-pgpm-9-031] Altered metabolism and the presence of geriatric syndromes make older adults with polypharmacy more likely to experience adverse drug events and hospitalization. Previous studies demonstrated that hospitalization rates may vary widely in older adults even with similar levels of disease severity. For example, the median number of hospital admissions in older persons newly diagnosed with heart failure was reported to be three, with \~30% having less than two admissions and \~25% having more than five admissions annually.[@b18-pgpm-9-031] Given that patients with similar comorbidities and disease severity are receiving guideline-concordant care and are adherent to their treatment regimen, the potential source of wide disparity in hospitalization rates may be different efficacies of drug therapy due to differences in individual response to certain medications. Targeted genomic testing can help identify older adults whose drug metabolism or pharmacodynamics is affected by genetic makeup and subsequently lead to better personalization of drug therapy.

However, for physicians and health care professionals in practice, the clinical utility and integration in patient care of pharmacogenomics remain uncertain and mostly unexplored. There are many issues regarding genetic testing from simple ones on how and where can testing be done to more complex issues as to which patients to test, how to interpret the results of testing, and then how to apply the findings to decision making that may benefit the patient.[@b19-pgpm-9-031] Limited information exists on the utility of PGx testing in older adults with polypharmacy. The important question to investigate is whether genetic testing data can be effectively used in clinical practice for older adults with polypharmacy to tailor drug treatments, reduce adverse drug effects, reduce polypharmacy, and eventually improve disease outcome.

Whether precision medicine can provide effective means to ameliorate the detrimental impact of polypharmacy in older adults is currently unknown. The goal of this article is to share our experience in PGx testing of three older adults with polypharmacy. By reviewing these cases, we intend to explore potential benefits and possible barriers of precision medicine application in older adults with polypharmacy in this hypothesis-generating study.

Methods
=======

A case series study design was employed. Three patients seen in outpatient clinical practice served as cases in this study. These patients had both chronic heart and lung disease and were on numerous medications. They expressed concern about having to take so many medications and requested evaluation of their medical regimen. The three patients were receiving guideline-concordant therapy under the care of a pulmonologist and a cardiologist and were reported to be compliant with medical care. The patients were offered to undergo PGx testing by a treating physician in order to optimize their therapy.

Initially, a certified testing facility licensed in the State of New York had to be identified. After several rounds of inquiries, a New York State-licensed personalized medicine laboratory (GENETWORx, LLC) was identified, which was accredited by College of American Pathologists Laboratory Accreditation Program and had Clinical Laboratory Improvement Act certification. Among other tests, the laboratory carries out PGx testing to detect common variants in genes that may affect individual response to medications. The GENETWORx Comprehensive PGRx Panel detects all common and many rare genetic variants with known clinical significance.

The genetic variants tested in this study are listed in [Figure 1](#f1-pgpm-9-031){ref-type="fig"}. Laboratory specimens were analyzed for the target genes using the GENETWORx Personalized Medicine Panel. The assay is based on the bead-based multiplex xTAG chemistry from Luminex Corporation. The CYP2D6 assay is an in vitro diagnostic assay from Luminex Corporation that also uses their xTag Technology. Genomic DNA is extracted from the submitted specimen and amplified by the polymerase chain reaction (PCR) using consensus oligonucleotide primers specific for the variants listed earlier. Genomic DNA is amplified in a multiplex fashion. The PCR is then subjected to a primer extension step that is specific for the allele that is being analyzed: allele-specific primer extension. The 5′ end of the primers for allele-specific primer extension is attached to an xTAG universal tag sequence. The 5′ universal tag sequence is hybridized to the complementary anti-tag sequence coupled to a particular xMAP bead set that is then detected by the xMAP Luminex 200 analyzer.

The CYP2C19PLUS and CYP2D6 assays from Auto-Genomics detect the wild type and polymorphic alleles of the CYP2C19 and CYP2D6 genes, respectively. Genomic DNA was extracted from the submitted specimen and amplified by the PCR using consensus oligonucleotide primers specific for the desired analyte. A fluorescent labeling primer extension reaction was performed in the presence of Cy5 dCTP using primers containing nontarget nucleotide sequences that were complimentary to the capture oligonucleotides spotted on the microarray. Labeled samples were hybridized onto microarrays, and the fluorescent signal was measured, analyzed, and reported.

The laboratory provided testing kits including instructional materials, consent forms, and buccal swab tools. After a patient signed consent for genetic testing approved by Columbia University Institutional Review Board, a buccal swab was collected from inside each cheek, placed in the provided envelopes, and returned to the laboratory via an overnight express mail. The results of the testing were provided by the testing facility via a password-protected secure online portal a week after submission of the buccal swabs. The portal contained a detailed report with results of the genetic testing as well as interpretation of findings. The portal also provided basic education materials explaining the general principles of PGx testing.

Results
=======

All patients successfully underwent PGx testing. It took \<10 minutes to collect buccal swabs from each patient. The testing results became available online in five working days after the swab submission. A clinical summary of the case series is provided in [Table 1](#t1-pgpm-9-031){ref-type="table"}.

Case \#1
--------

The Case \#1 is a 74-year-old Dominican woman with a history of hypertension, diabetes, hyperlipidemia, diastolic heart failure, and asthma for 30 years. She has had six hospitalizations within the past 5 years, all for shortness of breath. The hospitalizations were often due to bronchospasm. Several hospitalizations were accompanied by peripheral edema associated with elevated N-terminal pro b-type natriuretic peptide level where the medical team felt that her decompensation was due to exacerbation of both her airways disease and diastolic heart failure. During all of her hospitalizations, she was treated with systemic corticosteroids and nebulized bronchodilators and sometimes given Lasix for "respiratory distress" or edema. She was usually discharged on prednisone 60 mg with taper as well as Lasix. Left ventricular ejection fraction was between 65% and 70%.

PGx testing in the Case \#1 identified two single-nucleotide polymorphisms ([Table 2](#t2-pgpm-9-031){ref-type="table"}). The polymorphism of major importance was found in the CYP3A5 gene for which mutant alleles \*3/\*6 were identified.[@b20-pgpm-9-031] These alleles result in expression of nonfunctional isoform and lead to the CYP3A4/CYP3A5 poor metabolizer status.[@b21-pgpm-9-031] Another polymorphism was found in the VKORC1 gene.[@b22-pgpm-9-031] The VKORC1 genetic variant \*A/\*A results in an isoform, which has low enzyme activity leading to higher sensitivity to warfarin.[@b23-pgpm-9-031]

[Figure 2](#f2-pgpm-9-031){ref-type="fig"} summarizes potential drug--gene and drug--drug interactions based on CYP450 metabolism found in the Case \#1. Drug--gene interactions in this patient involved multiple medications. They comprised CYP3A4/CYP3A5 substrates (atorvastatin, fluticasone/salmeterol, lidocaine, losartan, montelukast, prednisone, and roflumilast) that are metabolized by CYP3A4/CYP3A5. In addition to multiple drug--gene interactions, numerous potential drug--drug interactions (PDDIs) were identified. They included five PDDIs based on CYP450 metabolism and eleven non-CYP450 PDDIs of various clinical importance. A detailed list of all interactions with explanation of interaction mechanism and its clinical impact can be found in [Table S1](#SD1-pgpm-9-031){ref-type="supplementary-material"}.

Case \#2
--------

The Case \#2 is a 78-year-old Puerto Rican man with a history of multiple medical problems prominent of which is congestive heart failure (CHF) and chronic obstructive pulmonary disease (COPD). The patient has had 23 hospitalizations over the past 5 years where most of his hospitalizations were due to decompensated heart failure. Several of the hospitalizations were for COPD exacerbations with wheezing as the presenting symptom. Many hospitalizations were deemed by his medical team to be due to exacerbation of both heart and lung disease. The patient had systolic heart failure where the left ventricle size was mildly increased. The left ventricular systolic function was moderately to severely decreased with a left ventricular ejection fraction of 30%--35%. There was global hypokinesis with regional variations. The right ventricular size was mildly increased with right ventricular systolic function preserved. The patient also suffered from COPD with forced expiratory volume in the first second of 52% predicted. He was an \~50 pack/year smoker. In addition, he suffered from atrial fibrillation, chronic kidney disease (estimated glomerular filtration rate of 23 mL/min), hyperlipidemia, gout, benign prostatic hyperplasia, and gastritis.

Results of PGx testing of Case \#2 identified two mutations related to the genes CYP2D6 and VKORC1. In the Case \#2, multiple copies of the CYP2D6 gene were expressed resulting in CYPD26 rapid metabolizer status and therefore greater-than-normal CYP2D6 function.[@b24-pgpm-9-031] The CYP2D6 rapid metabolizer status resulted in drug--gene interaction in this patient affecting carvedilol, diltiazem, and tamsulosin which are metabolized by CYP2D6.[@b25-pgpm-9-031] This interaction may potentially lead to decreased bioavailability of carvedilol taken in standard doses.[@b26-pgpm-9-031] The VKORC1 mutation was represented in this patient by gene polymorphism of type \*G/\*A, which results in reduced VKORC1 enzyme activity.[@b23-pgpm-9-031]

[Figure 3](#f3-pgpm-9-031){ref-type="fig"} provides a summary of potential drug--gene and drug--drug interactions related to CYP450 metabolism that were identified in the Case \#2. A major drug--gene interaction in this patient involved carvedilol, which is a substrate for CYP2D6 enzyme. As in the Case \#1, in addition to multiple drug--gene interactions, numerous PDDIs were identified. They included three PDDIs based on CYP450 metabolism and seven non-CYP450 PDDIs of various clinical importance. [Table S2](#SD2-pgpm-9-031){ref-type="supplementary-material"} provides a detailed overview of all interactions with explanation of interaction mechanism and its clinical impact.

Case \#3
--------

The Case \#3 is an 83-year-old man of Italian and Greek descent with a history of COPD, hypertension, and obesity. He continues to smoke cigars. The patient has two hospitalizations within the past 5 years, and three known COPD exacerbations managed as outpatient. His course has been complicated by atrial flutter after ablation therapy and requiring complex medical management.

Unlike drug--gene interactions identified in Cases \#1 and \#2, no genetic mutations related to CYP450 drug metabolism were found in the Case \#3. Three PDDIs related to CYP450 and five non-CYP450 potential interactions were noted. A summary of potential CYP450-based interactions is presented in [Figure 4](#f4-pgpm-9-031){ref-type="fig"}. A detailed list of all PDDIs in the Case \#3 can be found in [Table S3](#SD3-pgpm-9-031){ref-type="supplementary-material"}.

Discussion
==========

Genotype testing was performed in older adults with a large number of prescribed medications in an attempt to reevaluate their medical management. The results of three cases of PGx testing in older adults with polypharmacy have been reviewed in this article using case series design. The purpose of this case review was hypothesis-generating exploration of potential utility of precision medicine applications in older adults with polypharmacy as well as better understanding of challenges in implementing this promising methodology in routine clinical care.

The major finding in the results of PGx testing of Case \#1 was single-nucleotide polymorphism of CYP3A5 gene. The CYP3A family is a well-described Phase I metabolism-related gene family, which includes CYP3A4 and CYP3A5 genes located in the 231 kb region of chromosome 7q21.1.[@b20-pgpm-9-031],[@b21-pgpm-9-031] CYP3A4 and CYP3A5 are closely related and metabolize many of the same drugs. CYP3A4/CYP3A5 comprises \~30% of the total cytochrome enzymes in the liver. Genetic variations in CYP3A4 and CYP3A5 may result in dramatic differences in enzyme activity between individuals.[@b20-pgpm-9-031]

The combination of CYP3A5 alleles \*3/\*6 identified in the Case \#1 results in significant reduction of CYP3A5 enzymatic activity.[@b20-pgpm-9-031] Only 7.2% of subjects were identified as CYP3A5 poor metabolizers in a mixed-race population of \>20,000 US patients.[@b27-pgpm-9-031] Ethnic frequency of allelic variant CYP3A5\*6 was reported for Caucasians, African-Americans, Asians, Hispanics, and Africans to be 0.43%, 11.9%, 0%, 3.7%, and 16.8%, respectively.[@b12-pgpm-9-031] For the Case \#1, the atorvastatin, diclofenac, esomeprazole, fluticasone/salmeterol, losartan/hydrochlorothiazide, montelukast, nortriptyline, oxybutynin, prednisone, sitagliptin/metformin, and tiotropium are substrates of CYP3A4/CYP3A5 enzymes, the activity of which may be impaired due to the presence of mutant alleles. Because she is a "poor metabolizer", the substrate drugs of the CYP3A4/CYP3A5 may be expected to accumulate and increase the risk of adverse drug effects. For this patient, management considerations may include changing the atorvastatin to rosuvastatin, which does not utilize the CYP3A4/CYP3A5 pathway, and eliminating salmeterol and monteleukast and others. However, a decision to change or eliminate potentially inappropriate medications in this patient is complicated by the complex interaction of polypharmacy and lack of clear evidence-based guidelines for optimal drug changes under such circumstances. [Figure 2](#f2-pgpm-9-031){ref-type="fig"} shows eleven substrates including four inhibitors and two inducers for CYP3A4/CYP3A5 found to be affected by mutant alleles in the Case \#1. Most studies to date have looked at one drug with one gene polymorphism as with warfarin and clopidogrel; however, PGx studies need to look at patient on multiple drugs.

Another polymorphism found in the Case \#1 affected VKORC1 which codes for vitamin K epoxide reductase (VKOR) that is the target of warfarin therapeutic action. Warfarin acts in the vitamin K cycle by interfering with the regeneration of reduced vitamin K in VKOR complex. Mutations in the VKORC1 gene cause decreased VKORC1 enzyme activity. The VKORC1 allele \*A in the Case \#1 has been shown to result in decreased VKOR enzyme activity making patient more sensitive to warfarin.[@b22-pgpm-9-031],[@b23-pgpm-9-031] A recent assessment of PGx marker panel in a polypharmacy population identified 13% of subjects with VKORC1 AA genotype.[@b14-pgpm-9-031]

As presented in [Table S1](#SD1-pgpm-9-031){ref-type="supplementary-material"}, in addition to drug--gene interactions, multiple PDDIs due to cytochrome metabolism and non-CYP interactions were identified in the Case \#1. Coexistence of both heart and airways disease is known to sometimes create therapeutic dilemmas, such as weighing the benefits of beta-blockers versus the fear of exacerbating coexistent airways obstruction, as well as weighing the potential increase in risk of death with the use of long acting beta-agonists. This dilemma may be further complicated when drug regimen includes medications which are metabolized by enzymes that are inhibited or induced by other medications taken simultaneously.

[Table S1](#SD1-pgpm-9-031){ref-type="supplementary-material"} lists seven drug-gene interactions, five CYP450-based PDDIs, and eleven non-CYP450 drug-drug interactions found in the Case \#1. This case illustrates that in people with polypharmacy and CYP450 polymorphisms comprehensive approaches for medication regimen optimization are needed allowing simultaneously account for various types of multiple drug and gene interactions. It is also worth noting in this patient that prednisone, which is the primary treatment of her asthma exacerbations, requires the CYP3A4/CYP3A5 enzymes for conversion to its active form. This should raise concerns regarding the efficacy of prednisone in the management of acute exacerbations in this patient, since bioavailability of active form of prednisone (prednisolone) will be reduced under standard prescription dosage.

The Case \#2 was notable for identifying a CYP2D6 rapid metabolizer status. CYP2D6 metabolizes \~25% of current drugs, and it is known for its large interindividual variation in the enzyme activity.[@b24-pgpm-9-031] Typical substrates for CYP2D6 are largely lipophilic bases and include some antidepressants, antipsychotics, antiarrhythmics, antiemetics, beta-adrenoceptor antagonists (beta-blockers), and opioids.[@b28-pgpm-9-031] Prevalence of CYP2D6 rapid metabolizers was reported to be 3%--5% in Caucasians.[@b24-pgpm-9-031] In a recent retrospective analysis of 1,143 individuals, frequency of allele duplications for CYP2D6 was found to be 1.8%.[@b29-pgpm-9-031] CYP2D6 rapid metabolizers are individuals with more than two alleles of an active CYP2D6 enzyme gene, which results in higher elimination of active CYP2D6 substrates. These individuals may need a higher than usual dose of medications to achieve a therapeutic effect.

In the Case \#2, carvedilol and diltiazem are considered key medications in management of his heart failure and atrial fibrillation. As is illustrated in [Figure 3](#f3-pgpm-9-031){ref-type="fig"}, these two drugs are metabolized by CYP2D6. Carvedilol is mainly metabolized in the liver through oxidation and glucuronidation. During this process, the oxidative enzyme CYP2D6 is considered a key component of carvedilol elimination. As a consequence of CYP2D6 rapid metabolizer phenotype, bioavailability of carvedilol can be maintained at therapeutically ineffective levels with a standard dosage prescription.[@b24-pgpm-9-031]

A recent study demonstrated that the response to beta-blockers in patients with CHF was associated with genotype of drug-metabolizing enzymes.[@b30-pgpm-9-031] CYP2D6 genotype was significantly associated with the dose of carvedilol in patients with CHF whose dosage was titrated to a clinical response.[@b30-pgpm-9-031] Another study, which analyzed the plasma concentrations of carvedilol in four groups including extensive metabolizers (CYP2D6\*1/\*1), intermediate metabolizers (CYP2D6\*1/\*5 and \*1/\*10), poor metabolizers (CYP2D6\*5/\*5 and \*5/\*10), and rapid metabolizers (CYP2D6\*2xN/\*10), found that the concentration was dependent on CYP2D6 genotypes.[@b31-pgpm-9-031] A recent review on the impact of CYP2D6 genetic variation on the response of cardiovascular patients to carvedilol concluded that mutant CYP2D6 alleles can result in elevated risks for either treatment failure or for adverse effects.[@b25-pgpm-9-031] Another report in a relatively small sample did not find an association between variations in the CYP2D6 genotype and carvedilol dose changes in patients with CHF,[@b32-pgpm-9-031] however. Thus, though a majority of publications confirm significant effects of CYP2D6 polymorphism on carvedilol performance in patients with CHF, there is no consensus on the extent of its effect, and on optimal actions to be undertaken to optimize therapy when a particular polymorphism is detected.

In the Case \#2, rapid metabolism of the carvedilol and diltiazem may be expected to reduce their efficacy, but there is no consensus on clinical significance and appropriate course of actions in this case. Currently, widely accepted clinical guidelines for medication prescriptions in older adults with CYP polymorphisms do not exist. Studies on polymorphisms of beta1 and beta2 receptors have been inconclusive. Beta-blockers have a wide therapeutic index, and therefore, effectiveness and assessment of clinical outcomes would be difficult to determine. Additional evidence is necessary in order to establish if a "rapid metabolizing" polymorphism would reduce the known survival benefits of beta-blockers in CHF. The FDA has listed carvedilol among the drugs whose labels mention PGx information. However, mention of PGx biomarker in the drug label may lack definite actionable guidance. The Clinical Pharmacogenetics Implementation Consortium was formed to disseminate freely available, peer-reviewed, updatable, and detailed gene/drug clinical practice guidelines that enable the translation of genetic laboratory test results into actionable prescribing decisions.[@b33-pgpm-9-031] In addition, the Royal Dutch Association for the Advancement of Pharmacy established the Pharmacogenetics Working Group with the objective of developing pharmacogenomics-based dose recommendations based on systematic review of the literature.[@b34-pgpm-9-031]

[Figure 3](#f3-pgpm-9-031){ref-type="fig"} illustrates the complexity of decision making in optimizing the medication regimen for the Case \#2. Even in the absence of mutant alleles of metabolizing cytochrome enzymes, there are multiple PDDIs based on cytochrome metabolism. The Case \#2 has ten drug substrates for the CYP3A4/5 enzyme, three of which are inhibitors of the enzyme and one of which is an inducer. When prescribing in an electronic medical record, physicians are often provided drug alerts. However, available alerts on drug interactions currently do not reflect the extent or complexity of PDDIs for typical older adults on polypharmacy as illustrated in [Figure 3](#f3-pgpm-9-031){ref-type="fig"}. An additional level of complexity is added when considering potential non-CYP drug--drug interactions listed in [Table S2](#SD2-pgpm-9-031){ref-type="supplementary-material"}.

Current decision support for drug alerts lacks intelligent algorithms to deal with multiple drug--drug interactions along with drug--gene interactions, and is incapable of providing informed alternatives on optimal drug replacements in these complex cases. In the case of genetic polymorphisms, such as CYP2D6 rapid metabolizer status, decision support for drug--gene interactions is still in early development stages and has yet to be fully implemented. It is worth noting that it is well recognized and it is now a black box FDA warning that use of codeine in patients with CYP2D6 rapid metabolizing polymorphisms can lead to adverse consequences. Codeine is metabolized by CYP2D6 to the active form of morphine and other metabolites and rapid metabolizing polymorphisms can result in toxic concentration of morphine. Though codeine is not currently prescribed for the Case \#2, it might inadvertently be considered in the future. Thus, information on genetic polymorphism should be readily available in the electronic medical record and should support genetic information representation that is standardized and easily actionable by intelligent decision support in case a suboptimal prescription is made.

In the Case \#3, genotype testing showed wild allele phenotypes for the cytochrome enzymes tested. No genetic mutations were identified. Multiple PDDIs resulting from cytochrome metabolism and non-CYP interactions as shown in [Table S3](#SD3-pgpm-9-031){ref-type="supplementary-material"}, again illustrate the complex interactions of polypharmacy and the cytochrome enzymes. The prominent attribute of disease history of this patient is very few hospital visits as compared to the Cases \#1 and \#2.

PGx testing in three presented cases led to several recommendations for changes in medication regimen in two patients with cytochrome polymorphisms. Most notably, for the Case \#1, primary care provider was suggested to change atorvastatin to rosuvastatin and to consider discontinuing monteleukast and fluticasone/vilanterol, as well as instead of prednisone, prescribe methylprednisolone for asthma treatment, whereas for the Case \#2, increase in dose of carvedilol was recommended. Due to complexity of medication regimen of these patients and common practice in exercising considerable caution when changing drug regimen in older adults, consultations with patients' respective pulmonologists and cardiologists were recommended. Out of three arbitrarily selected individuals, two patients tested positively for major CYP polymorphisms, which potentially could affect efficacy of their drug regimen. All three patients had combinations of chronic heart and lung conditions coupled with other comorbidities. They received guideline-concordant care prescribed by the same providers and were reported to be compliant with their therapy. Despite similar approaches to their care, the two individuals with major CYP polymorphisms had much higher hospitalization rates than the patient who did not have mutant alleles leading to altered functionality of cytochrome enzymes, although this patient was older and had multiple comorbidities also.

The case series design employed in this study belongs to a group of descriptive studies that primarily are used for hypothesis-generating purposes.[@b35-pgpm-9-031] Based on the aforementioned case series review, it is feasible to hypothesize then that CYP polymorphism may represent an additional risk factor for higher hospitalization rates in older adults with polypharmacy and that PGx testing in frequently hospitalized older adults with polypharmacy may help in optimizing their therapy. Current literature, however, lacks definitive evidence to support this hypothesis, though several recent reports described as follows lend support to this hypothesis.

A recent observational study compared a prospective cohort of older adults whose medication regimen was optimized according to PGx testing results to a propensity score-matched historical cohort.[@b36-pgpm-9-031] The results of this study showed that patients treated according to pharmacogenomics-guided treatment plan had a significant decrease in hospitalizations and emergency department visits with average cost savings in the amount of US\$218. In an interesting instructive case presented by Isidoro-García et al,[@b37-pgpm-9-031] a 74-year-old woman with multiple comorbidities and polypharmacy developed erythrodermic psoriasis on admission to a cardiology department with CHF, atrial fibrillation, and chronic renal failure. A personalized PGx analysis found that this patient was homozygous for CYP3A5\*3 and heterozygous for 3435C\>T MDR1. Following pharmacogenomics-guided medication regimen readjustment, the patient improved remarkably with complete remission of coetaneous symptoms and control of renal, hepatic, and cardiac symptomatology. Urgent need for effective approaches for medication optimization in older adults with polypharmacy was demonstrated by Nightingale et al.[@b38-pgpm-9-031] Using Beers[@b39-pgpm-9-031] and STOPP/START[@b40-pgpm-9-031] criteria, a retrospective medication use examination was conducted in ambulatory older adults with cancer. The prevalence of polypharmacy, excessive polypharmacy, and potentially inappropriate medication use was 41%, 43%, and 51%, respectively. Another study analyzed the impact of applying a PGx approach to the medical management of older adults with polypharmacy in a long-term care facility.[@b41-pgpm-9-031] Applying pharmacogenomics-guided recommendations across this patient population resulted in medication optimization for 50% of the polypharmacy population tested with estimated annual savings of US\$621 per patient. As cost-effectiveness of PGx testing is considered one of the major barriers toward its wide introduction to clinical practice,[@b42-pgpm-9-031] these results uncover potential approaches to overcome this barrier by targeting subgroups of patients for whom PGx testing may result in substantial cost savings such as older adults with polypharmacy. Further studies with appropriate design and sample size are necessary to identify prevalence of CYP polymorphisms in frequently hospitalized older adults and systematically test the hypothesis that PGx polymorphism is an independent risk factor for frequent hospitalizations in older adults with polypharmacy. Effective optimization of medication regimen in older adults with polypharmacy requires fundamental shift in clinical decision making from "one gene--one drug--one disease" paradigm to "pharmacogenomic profile--polypharmacy--multimorbidity" paradigm.

Overall, multiple barriers still exist for implementing PGx testing in routine clinical care. Some of the most prominent barriers encountered in this small study and potential ways to address them are listed in [Table 3](#t3-pgpm-9-031){ref-type="table"}. The clinical efficacy of precision medicine approaches in older adults has to be assessed in definitive randomized trials. Most studies of PGx clinical efficacy to date have focused on one drug and one gene;[@b43-pgpm-9-031] however, we submit that precision medicine should be addressing the more pressing issue of polypharmacy and/or multiple comorbidities. In order to utilize precision medicine approaches in routine clinical care multiple challenges have to be addressed to optimize care of older adults.

Recent surveys demonstrated lack of comprehensive skills in majority of clinicians to take full advantage of the potential of pharmacogenetic testing.[@b44-pgpm-9-031] Primary and subspecialty providers are unsure of how to carry out testing, where to process samples, and how to follow-up on testing results.[@b45-pgpm-9-031],[@b46-pgpm-9-031] Development, evaluation, and implementation of effective tools assisting providers in the use and interpretation of pharmacogenetic tests should be a high priority for biomedical informatics researchers. Such tools may provide support for multiple aspects pertinent to optimal use of PGx testing.[@b47-pgpm-9-031] Since limited information is available on certified facilities for PGx testing and type of services they provide, creation of a comprehensive online public resource of certified facilities which is maintained and curated by a consortium of academic centers and industry representatives may be warranted. To address lack of provider knowledge, introduction of online continuing medical education courses and training tools may facilitate diffusion of pharmacogenomics into routine clinical practice. Due to inherent complexity of this novel methodology, introduction of evidence-based clinical pathways may promote best practices in PGx applications.[@b48-pgpm-9-031] Electronic health records have to include functionality that supports storage, exchange, analysis, and presentation of PGx results coupled with intelligent decision support allowing to account simultaneously for multiple drug--drug, drug--gene, and drug--drug--gene interactions and assist in drug regimen optimization.[@b49-pgpm-9-031] Finally, development of interactive apps to educate patients about PGx testing and to engage them in medication management based on individual genetic test results will facilitate patient--provider communication and ensure patient acceptance of PGx testing as an opportunity to personalize their medication regimen and improve their quality of life.[@b50-pgpm-9-031] Several innovative demonstration projects including Pharmacogenomic Resource for Enhanced Decisions in Care and Treatment at the Vanderbilt University Medical Center[@b51-pgpm-9-031] and "1200 Patients Project" at the University of Chicago[@b52-pgpm-9-031] are currently underway and are expected to provide insight on addressing the aforementioned barriers in practical implementation of pharmacogenomics.

Our study has several limitations. The case series design employed in the study can be helpful in generating a hypothesis but is insufficient to demonstrate causality. As polypharmacy is considered to be a significant risk factor for ADR, assessment of correlation between pharmacogenomics and treatment complications in the presence of polypharmacy should be a very interesting subject of a systematic research inquiry. However, a systematic review of treatment complications was outside scope of this pilot case series study and will be a subject for further explorations in the future. The current study could not reflect pharmacodynamic aspects of drug--gene interactions, since our pharmacogenetic panel included only genes responsible for drug metabolism. Since drug--gene interactions were the main focus of our exploratory analysis, drug--drug--gene interactions as well as the presence of potentially inappropriate medications based on Beers[@b39-pgpm-9-031] or STOPP/START[@b40-pgpm-9-031] criteria were not systematically reviewed. Nevertheless, even within the scope of this focused analysis, we were able to demonstrate an important potential of PGx testing in older adults with polypharmacy. More comprehensive analysis undoubtedly can further exemplify the need to review drugs, genes, and other relevant interactions in the elderly in a coordinated way. Future studies should be able to employ technologies accounting for multiple aspects of medication management in older adults including potentially inappropriate medications, pharmacokinetics, pharmacodynamics, phenoconversion, and drug--drug, drug--food, drug--disease, drug--gene, drug--drug--gene interactions, and cumulative drug--drug interactions.[@b53-pgpm-9-031]

Conclusion
==========

Although multiple challenges to implementation of precision medicine in routine clinical practice exist, there is enormous potential in using PGx testing in older adults with polypharmacy. Our case series study provides instructive insight on the potential of precision medicine in this rapidly growing population. The review of our cases led us to hypothesize that cytochrome polymorphism may potentially be an important factor in increasing hospitalization rates in older adults with polypharmacy. Our next step is to assess the frequency of CYP450 polymorphisms in older adults with polypharmacy based on hospitalization rates. If higher rates of CYP450 polymorphisms are demonstrated in older adults with polypharmacy who are frequently admitted to hospital, then testing for CYP450 polymorphisms may be indicated in this group of patients on a routine basis to optimize drug therapy and reduce readmissions.

Supplementary materials
=======================

###### 

Summary of potential drug--gene and drug--drug interactions in Case \#1

                                                           Impact     Action                    Mechanism
  -------------------------------------------------------- ---------- ------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Drug--gene interactions**                                                                   
  Atorvastatin calcium and CYP3A4/CYP3A5                   Major      Consider dose reduction   CYP3A4/3A5 poor metabolizer status may lead to decreased metabolism of atorvastatin
  Fluticasone/salmeterol and CYP3A4/CYP3A5                 Major      Monitor therapy           CYP3A4/3A5 poor metabolizer status may result in decreased metabolism of fluticasone/salmeterol
  Lidocaine/prilocaine and CYP3A4/CYP3A5                   Major      Monitor therapy           Poor metabolizer status may result in decreased metabolism of CYP3A4/CYP3A5 substrates (lidocaine)
  Losartan/hydrochlorothiazide and CYP3A4/CYP3A5           Moderate   Monitor therapy           Poor metabolizer status may result in decreased metabolism of CYP3A4/CYP3A5 substrates (losartan)
  Montelukast sodium and CYP3A4/CYP3A5                     Major      Monitor therapy           CYP3A4/3A5 poor metabolizer may cause decreased metabolism of montelukast
  Prednisone and CYP3A4/CYP3A5                             Moderate   Monitor therapy           Due to CYP3A4/3A5 poor metabolizer status, less prednisone (inactive) may be converted to prednisolone (active form)
  Roflumilast and CYP3A4/CYP3A5                            Moderate   Monitor therapy           CYP3A4/3A5 poor metabolizer status may result in increased exposure to roflumilast
  **Drug--drug interactions based on CYP450 metabolism**                                        
  Primidone and roflumilast                                Major      Avoid combination         CYP3A4 inducers (primidone) may decrease the serum concentration of roflumilast
  Atorvastatin calcium and primidone                       Major      Consider modification     CYP3A4 inducers (primidone) may increase the metabolism of CYP3A4 substrates
  Losartan/hydrochlorothiazide and primidone               Major      Consider modification     CYP3A4 inducers (primidone) may increase the metabolism of CYP3A4 substrates
  Diclofenac potassium and primidone                       Moderate   Monitor therapy           CYP2C9 inducers (primidone) may decrease the serum concentration of diclofenac
  Prednisone and primidone                                 Moderate   Monitor therapy           CYP3A4 inducers (primidone) may decrease the serum concentration of prednisone
  **Non-CYP450 drug--drug interactions**                                                        
  Meclizine HCl and tiotropium bromide                     Major      Avoid combination         Anticholinergic agents may enhance the anticholinergic effect of tiotropium
  Nortriptyline HCl and tiotropium bromide                 Major      Avoid combination         Anticholinergic agents may enhance the anticholinergic effect of tiotropium
  Oxybutynin chloride and tiotropium bromide               Major      Avoid combination         Anticholinergic agents may enhance the anticholinergic effect of tiotropium
  Aspirin and diclofenac potassium                         Major      Consider modification     An increased risk of bleeding may be associated with use of this combination
  Clonidine HCl and metoprolol succinate                   Major      Consider modification     Alpha2-agonists may enhance the atrioventricular-blocking effect of beta-blockers. Beta-blockers may enhance the rebound hypertensive effect of alpha2-agonists
  Clonidine HCl and nortriptyline HCl                      Moderate   Consider modification     Tricyclic antidepressants may diminish the antihypertensive effect of alpha2-agonists
  Diclofenac potassium and furosemide                      Moderate   Consider modification     Nonsteroidal anti-inflammatory agents may diminish the diuretic effect of loop diuretics
  Metoclopramide HCl and nortriptyline HCl                 Major      Consider modification     Metoclopramide may enhance the adverse/toxic effect of tricyclic antidepressants
  Prednisone and roflumilast                               Major      Consider modification     Roflumilast may enhance the immunosuppressive effect of prednisone
  Meclizine HCl and oxybutynin chloride                    Moderate   Monitor therapy           Anticholinergic agents may enhance the adverse/toxic effect of other anticholinergic agents
  Nortriptyline HCl and oxybutynin chloride                Moderate   Monitor therapy           Anticholinergic agents may enhance the adverse/toxic effect of other anticholinergic agents

###### 

Drug--drug interactions in Case \#2

                                                           Impact     Action                  Mechanism
  -------------------------------------------------------- ---------- ----------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------
  **Drug--gene interactions**                                                                 
  Carvedilol and CYP2D6                                    Major      Monitor therapy         CYPD6 rapid metabolizer status may increase metabolism of carvedilol
  Warfarin and CYP2C9/VKORC1                               Minor      Monitor therapy         Lower starting warfarin doses may be required due to reduced VKORC1 functionality
  **Drug--drug interactions based on CYP450 metabolism**                                      
  Carvedilol and losartan potassium                        Moderate   Monitor therapy         CYP2C9 inhibitors (losartan) may increase the serum concentration of carvedilol
  Diltiazem HCl and fluticasone and vilanterol             Moderate   Monitor therapy         CYP3A4 inhibitors (diltiazem) may decrease the metabolism of CYP3A4 substrates
  Losartan potassium and warfarin sodium                   Moderate   Monitor therapy         CYP2C9 inhibitors (losartan) may decrease the metabolism of CYP2C9 substrates
  **Non-CYP450 drug--drug interactions**                                                      
  Albuterol sulfate and carvedilol                         Major      Avoid combination       Beta-blockers may diminish the bronchodilatory effect of beta2-agonists
  Carvedilol and fluticasone and vilanterol                Major      Avoid combination       Beta-blockers may diminish the bronchodilatory effect of beta2-agonists
  Allopurinol and warfarin sodium                          Moderate   Consider modification   Allopurinol may enhance the anticoagulant effect of vitamin K antagonists
  Atorvastatin calcium and diltiazem HCl                   Major      Consider modification   Diltiazem HCl may increase the serum concentration of atorvastatin calcium. Atorvastatin calcium may increase the serum concentration of diltiazem HCl
  Carvedilol and tamsulosin HCl                            Moderate   Consider modification   Beta-blockers may enhance the orthostatic hypotensive effect of alpha1-blockers
  Furosemide and naproxen                                  Moderate   Consider modification   Nonsteroidal anti-inflammatory agents may diminish the diuretic effect of loop diuretics
  Naproxen and warfarin sodium                             Moderate   Consider modification   Nonsteroidal anti-inflammatory drug (nonselective) may enhance the anticoagulant effect of vitamin K antagonists

###### 

Drug--drug interactions in Case \#3

                                                           Impact     Action                  Mechanism
  -------------------------------------------------------- ---------- ----------------------- -----------------------------------------------------------------------------------------------------------
  **Drug--gene interactions**                                                                 
  None                                                     N/A        N/A                     N/A
  **Drug--drug interactions based on CYP450 metabolism**                                      
  Amiodarone HCl and losartan potassium                    Moderate   Monitor therapy         CYP2C8 inhibitors (moderate) may decrease the metabolism of CYP2C8 substrates (amiodarone)
  Diltiazem HCl and fluticasone/vilanterol                 Moderate   Monitor therapy         CYP3A4 inhibitors (diltiazem) may decrease the metabolism of CYP3A4 substrates (fluticazone)
  Diltiazem HCl and lidocaine                              Moderate   Monitor therapy         CYP3A4 inhibitors (diltiazem) may decrease the metabolism of CYP3A4 substrates
  **Non-CYP450 drug--drug interactions**                                                      
  Albuterol sulfate and amiodarone HCl                     Major      Consider modification   QTc-prolonging agents may enhance the QTc-prolonging effect of highest risk QTc-prolonging agents
  Amiodarone HCl and dabigatran etexilate mesylate         Major      Consider modification   Amiodarone may increase the serum concentration of dabigatran etexilate
  Amiodarone HCl and digoxin                               Major      Consider modification   Amiodarone may increase the serum concentration of cardiac glycosides
  Amiodarone HCl and diltiazem HCl                         Major      Consider modification   Calcium channel blockers may enhance the bradycardic effect of amiodarone. Sinus arrest has been reported
  Amiodarone HCl and fluticasone/vilanterol                Major      Consider modification   QTc-prolonging agents may enhance the QTc-prolonging effect of highest risk QTc-prolonging agents

**Abbreviations:** N/A, not available; QTc, corrected QT.
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###### 

Clinical summary of case series

  Case \#1                                                           Case \#2                                                                                                Case \#3
  ------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------
  **Demographics**                                                                                                                                                           
  74-Year-old/female/Hispanic/White                                  78-Year-old/male/Hispanic/White                                                                         83-Year-old/male/non-Hispanic/White
  **Comorbidities**                                                                                                                                                          
  Asthma, COPD, CHF, hypertension, type 2 diabetes, hyperlipidemia   CHF, atrial fibrillation, CKD, COPD, hyperlipidemia, gout, BPH, GERD, Patent Foramen Ovale, gastritis   COPD, atrial flutter, hypertension, herpes zoster, polyneuropathy
  **Medications**                                                                                                                                                            
  Albuterol sulfate                                                  Albuterol sulfate                                                                                       Albuterol sulfate
  Aspirin                                                            Allopurinol                                                                                             Amiodarone HCl
  Atorvastatin calcium                                               Atorvastatin calcium                                                                                    Aspirin
  Clonidine HCl                                                      Calcitriol                                                                                              Dabigatran etexilate mesylate
  Diclofenac potassium                                               Carvedilol                                                                                              Digoxin
  Esomeprazole magnesium                                             Diltiazem HCl                                                                                           Diltiazem HCl
  Fluticasone propionate                                             Esomeprazole magnesium                                                                                  Dimethyl sulfoxide
  Fluticasone/salmeterol                                             Ferrous sulfate                                                                                         Esomeprazole magnesium
  Furosemide                                                         Fluocinonide                                                                                            Fluticasone/vilanterol
  Lidocaine/prilocaine                                               Fluticasone/vilanterol                                                                                  Furosemide
  Losartan/hydrochlorothiazide                                       Furosemide                                                                                              Gabapentin
  Meclizine HCl                                                      Losartan potassium                                                                                      Lidocaine
  Memantine HCl                                                      Montelukast sodium                                                                                      Losartan potassium
  Metoclopramide HCl                                                 Naproxen                                                                                                Montelukast
  Metolazone                                                         Olopatadine hydrochloride                                                                               Polyethylene glycol 3350
  Metoprolol succinate                                               Tamsulosin HCl                                                                                          Pregabalin
  Montelukast sodium                                                 Warfarin sodium                                                                                         Tamsulosin HCl
  Nitrofurantoin monohyd/M-cryst                                                                                                                                             Tiotropium bromide
  Nortriptyline HCl                                                                                                                                                          
  Olopatadine HCl                                                                                                                                                            
  Oxybutynin chloride                                                                                                                                                        
  Prednisone                                                                                                                                                                 
  Primidone                                                                                                                                                                  
  Roflumilast                                                                                                                                                                
  Sitagliptin phos/metformin HCl                                                                                                                                             
  Tiotropium bromide                                                                                                                                                         
  **Hospitalization history**                                                                                                                                                
  Six hospitalizations in the past 5 years                           23 hospitalizations in the past 5 years                                                                 Two hospitalizations in the past 5 years

**Abbreviations:** CHF, congestive heart failure; CKD, chronic kidney disease; BPH, benign prostatic hyperplasia; GERD, gastroesophageal reflux disease; COPD, Chronic Obstructive Pulmonary Disease.

###### 

Genotype/phenotype results

  Gene panel      Case \#1                              Case \#2                                      Case \#3
  --------------- ------------------------------------- --------------------------------------------- ------------------------------------
  CYP2C19         \*1/\*1                               \*1/\*1                                       \*1/\*1
                  Normal metabolizer                    Normal metabolizer                            Normal metabolizer
  CYP2C9/VKORC1   \*1/\*1/\*A/\*A                       \*1/\*1/\*G/\*A                               \*1/\*1/\*G/\*G
                  Normal metabolizer/high sensitivity   Normal metabolizer/intermediate sensitivity   Normal metabolizer/low sensitivity
  CYP2D6          \*2/\*4                               \*1/\*2(XN)                                   \*1/\*4
                  Normal metabolizer                    **Rapid metabolizer**                         Normal metabolizer
  CYP3A4/CYP3A5   \*1/\*1B/\*3/\*6                      \*1/\*1/\*3/\*3                               \*1/\*1/\*3/\*3
                  **Poor metabolizer**                  Normal metabolizer                            Normal metabolizer

**Note:** Bold entries indicate significant cytochrome polymorphism.

###### 

Barriers for implementing PGx testing in older adults with polypharmacy in routine clinical care

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Barrier                                          How to address
  ------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Limited number of certified PGx facilities       Create a comprehensive public resource of certified facilities that is maintained and curated by designated academic centers and industry

  Lack of provider knowledge                       Develop online CME courses and training tools

  Complexity of PGx testing results                Introduce evidence-based clinical pathways

  Uncertainty in interpretation of PGx results     Create and maintain evidence-based consensus guidelines

  Lack of clinical evidence on using PGx results   Conduct clinical trials demonstrating clinical efficacy

  EMR does not support\                            Develop informatics solutions for storage, representation, and secure exchange of PGx data
  PGx result storage and review                    

  Lack of computerized decision support            Introduce intelligent decision support allowing to account simultaneously for multiple drug--gene and drug--drug interactions and assist in medication regimen optimization

  Lack of patient education                        Develop interactive apps to support patient engagement in medication management and facilitate patient--provider communication on PGx testing
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** PGx, pharmacogenomic; CME, continuing medical education; EMR, electronic medical record.
